The X-ray structure of a pentameric ligand-gated ion channel from Erwinia chrysanthemi (ELIC) has recently provided structural insight into this family of ion channels at high resolution 1 . The structure shows a homo-pentameric protein with a barrel-stave architecture that defines an ion-conduction pore located on the fivefold axis of symmetry. In this structure, the wide aqueous vestibule that is encircled by the extracellular ligand-binding domains of the five subunits narrows to a discontinuous pore that spans the lipid bilayer. The pore is constricted by bulky hydrophobic residues towards the extracellular side, which probably serve as barriers that prevent the diffusion of ions. This interrupted pore architecture in ELIC thus depicts a non-conducting conformation of a pentameric ligand-gated ion channel, the thermodynamically stable state in the absence of bound ligand. As ligand binding promotes pore opening in these ion channels and the specific ligand for ELIC has not yet been identified, we have turned our attention towards a homologous protein from the cyanobacterium Gloebacter violaceus (GLIC). GLIC was shown to form proton-gated channels that are activated by a pH decrease on the extracellular side and that do not desensitize after activation 2 . Both prokaryotic proteins, ELIC and GLIC form ion channels that are selective for cations over anions with poor discrimination among monovalent cations 1,2 , characteristics that resemble the conduction properties of the cation-selective branch of the family that includes acetylcholine and serotonin receptors 3,4 . Here we present the X-ray structure of GLIC at 3.1 Å resolution. The structure reveals a conformation of the channel that is distinct from ELIC and that probably resembles the open state. In combination, both structures suggest a novel gating mechanism for pentameric ligand-gated ion channels where channel opening proceeds by a change in the tilt of the pore-forming helices.
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GLIC was crystallized at pH 4, a condition where the open probability of the channel is high, and its structure was determined by molecular replacement followed by cyclic non-crystallographic symmetry averaging (Supplementary Figs 1-3, Supplementary Table 1) . In its overall organization, the structure of GLIC closely resembles that of ELIC ( Fig. 1) : the extracellular domain encompasses 10 b-strands that are organized as a sandwich of two tightly interacting b-sheets, while the transmembrane domain folds into a bundle of four a-helices. As for other pLGICs of prokaryotic origin, an extended region between helices a3 and a4 is absent and replaced by a short loop 5 . The close correspondence between the ELIC and GLIC structures is emphasized in a superposition of their Ca positions (Fig. 1c) . Despite the moderate sequence conservation (20% identical residues, Supplementary Fig. 4 ), both proteins are very similar on a structural level. Whereas the elements of secondary structure are highly conserved, spatial differences in the ligandbinding and the transmembrane domain indicate that the two c, Superposition of GLIC (green) and ELIC (orange, PDB 2vl0) subunits. The protein is shown as a Ca trace, the subunit is viewed from within the membrane. The superposition was generated by a least squares fit of the Ca positions of the respective a1 helices of the five subunits of the pentameric channel. Figures 1-4 were prepared with DINO (http://www.dino3d.org).
proteins adopt two distinct conformations of the ion conduction pore (Fig. 2, Supplementary Fig. 5 ).
The conformational differences between the two ion channels are manifested in their pore geometry: whereas the transmembrane pore of ELIC is constricted on its extracellular side, the equivalent region of GLIC shows a funnel-shaped opening with a linearly decreasing diameter that places its narrowest part at the intracellular entry of the channel (Fig. 2c) . At this constricted position of GLIC, the ELIC pore is dilated to a water-filled cavity of about 6 Å in diameter. The mismatch in the pore geometry results from differences in the orientation of the a2 and a3 helices. With respect to ELIC, both helices in GLIC have rotated as rigid unit by about 9u around an axis that intersects with residue Val 267 and that runs parallel to the membrane (Fig. 2a) . This rotation results in an outward movement of the helix pair away from the pore axis on the extracellular side and an inward movement towards the axis at the intracellular entry of the channel. In contrast to the large differences in the position of the a2 and a3 helices, the location of helix a1 that connects the transmembrane pore to the extracellular domain is virtually unchanged (Fig. 1c,  Supplementary Fig. 5) .
A comparison of the pore region of the nicotinic acetylcholine receptor (nAChR)-which was modelled into electron density at 4 Å resolution-with the corresponding region in the two bacterial channels reveals interesting similarities: the extracellular part of the nAChR pore resembles the funnel-shaped structure of GLIC, whereas the diameter in the intracellular half is closer to ELIC ( Supplementary  Fig. 6 ). Although the nAChR structure has been proposed to represent a non-conducting conformation 6, 7 , as it was obtained in the absence of ligands, its relation to the two conformations of bacterial pentameric ligand-gated ion channels (pLGICs) at high resolution remains ambiguous.
Although the shape of the transmembrane channel in GLIC differs, the chemical features that are common to members of this branch of the family are preserved (Fig. 3) 3 . As in other cation-selective pLGICs, the extracellular half of the pore is dominated by hydrophobic residues, some of which carry bulky side chains. In contrast to the outer half, the intracellular part is lined by polar side chains of serine and threonine residues that provide a hydrophilic character to this region. Both ends of the transmembrane channel are framed by rings of acidic residues that are located at the membrane boundary and that contribute to the overall negative electrostatic environment in the pore (Fig. 2c) . Residual electron density in the water-filled channel indicates the presence of partially ordered solvent molecules ( Supplementary Fig. 7 ). A ring of glutamate residues on the intracellular pore entry is remarkable. Equivalent residues in the nAChR, termed the 'intermediate ring of charges', have previously been identified as major determinants of conductance and cation selectivity 8, 9 . In GLIC, the side chains of the five glutamate residues that are well defined in the electron density project into the lumen of the pore and form a ring of interacting ionizable groups (Fig. 3a, Supplementary  Fig. 3b ). They define the narrowest part of the channel and resemble a narrow selectivity filter, akin to other selective ion channels 10 , that might directly interact with ions which have stripped part of their hydration shell. When investigating crystals that were soaked in solutions containing the permeant cations Rb 
, Cs
1 and the divalent cation Zn 21 , we were able to locate electron density of bound ions in the region intra-and extracellular to the constriction, thus emphasizing its potential role for conductance and ion selectivity in GLIC (Fig. 3b , Supplementary Table 1) .
The tight interactions of the five glutamate side chains defining the pore constriction might impede the free diffusion of ions. Because in a cellular context the intracellular part of the open channel faces the physiological pH of the cytoplasm, it is possible that the protonation state of these residues is shifted at low pH and that the interactions observed in the electron density are a consequence of the crystallization conditions. When investigated by excised inside-out patchclamp recording, the current passed by the channel decreases upon lowering the intracellular pH, as expected when the net charge of the protein becomes more positive ( Supplementary Fig. 1c ). To investigate the extent to which the observed pore structure might be influenced by local interactions, we have determined the structure of the mutant E221A at 3.5 Å . The decreased cation selectivity of the mutant emphasizes the critical role of this residue for ion conduction ( Supplementary Fig. 1d ). The structure of the mutant, which crystallized in similar conditions as wild type, showed an unaltered overall conformation of the protein backbone with a pore where the intracellular constriction is removed ( Supplementary Fig. 8) . A similar pore structure would be obtained in a case where the glutamate side chains change their conformation ( Supplementary Fig. 8b, c) . Our results thus suggest that the overall conformation of the poreforming helices is not perturbed by local interactions of the partly protonated residues at low pH, and that minor changes in the sidechain conformation are sufficient to increase the pore radius. The conical aqueous pore structure and the ability to bind ions at the narrow intracellular constriction thus suggest that the structure of GLIC either depicts a conducting state of a pLGIC or a conformation that is very close to a conducting state (Fig. 3c) .
Although GLIC shares the hallmarks of pLGICs, the ligand that triggers its channel opening is unusual. GLIC has been shown to be activated by a decrease in the extracellular pH (ref. 2) . It is thus conceivable that the titration of a group in the consensus ligandbinding region causes conformational transitions in the extracellular domain that are similar to those induced in response to the binding of neurotransmitters in other members of the family 11 . The ligandbinding site of pLGICs is located at the interface between two subunits, and is covered by the strands b9 and b10 (Fig. 4) . When compared to ELIC and acetylcholine-binding protein (AChBP) this site shows distinctive features. The structure around b9 is only weakly conserved, particularly in the loop region connecting b9 and b10 (which is seven residues shorter than in ELIC) (Fig. 4a,  Supplementary Fig. 4 ). Whereas in ELIC the loop is mobile and thus only poorly defined in the electron density, its conformation in GLIC is well defined with residues being involved in a variety of interactions, some of which involve ionizable residues (Fig. 4b,  Supplementary Fig. 3c ). Several of these interactions are unique to GLIC, such as a salt bridge between Arg 76 and Glu 180 at the position where the quaternary ammonium is bound in AChBP 12, 13 . The tight interactions in the loop region of GLIC resemble the conformation that has been observed in AChBP in the presence of its substrate analogue carbamylcholine 13 , except that the pocket for the ligand found in AChBP and in the respective position in ELIC is filled with protein side chains (Supplementary Fig. 9 ). The structural features of the ligand-binding region are thus in accordance with an activated ligand-occupied state of the domain.
Conformational differences in the conserved regions of the ligandbinding domain hint towards transitions that lead to channel opening. When compared to ELIC, parts of the ligand-binding domain in GLIC have undergone considerable structural rearrangements. The movements are most pronounced for residues in one of the two b-sheets constituting the extracellular domain that was previously termed the 'inner sheet', part of which has tilted by about 5u towards the membrane plane (Fig. 4a) . The structural differences between ELIC and GLIC also affect the loop regions connecting the strands b1/b2 and b6/b7 at the boundary between the cytoplasmic domain and the pore. Both regions contact the a2/a3 loop in the transmembrane domain and have previously been identified to play a critical role in channel opening 14, 15 . Yet, the extent of the movement in the extracellular domain is small compared to the large conformational difference in the adjacent region of the pore domain, as if the breaking of a critical interaction in the interface would have allowed the relaxation of a strained conformation of the channel (Fig. 1c,  Supplementary Figs 3d, 10 ). Within the extracellular domain, the GLIC structure shows the relationship between conserved residues that are critical for channel opening. These residues include Arg 191 at the end of b10 that forms a pair of salt bridges with Asp 31 in the b1/b2 turn and Asp 121 in the b6/b7 loop (which is part of the Cysloop signature sequence, Fig. 4c ). Mutations that remove either of the two interactions in the nAChR and other pLGICs drastically decrease the open probability of the channel, thus emphasizing the importance of the respective loop regions for the transduction of conformational signals from the ligand-binding site to the pore domain [14] [15] [16] [17] . The pore structure of GLIC is in striking accordance with electrophysiological investigations on the conducting conformation of the nAChR. Different studies have previously predicted a funnel-shaped channel with a short constriction on the intracellular side that harbours a single ion-binding site at the narrowest part of the pore 18, 19 . Whereas the structure of ELIC in a non-conducting conformation showed a pore that was constricted on the outside and lacked binding sites for ions in the pore, the structure of GLIC now displays the predicted features. The structure also allows a potential explanation for the dominant role of the residues constituting the 'intermediate ring of charges' in channel function 8, 9 . These residues, which correspond to the ion-coordinating glutamates in GLIC, and that are in the same position in the homopentameric a-7 nAChR and one helix turn towards the cytoplasm in the muscle nAChR, have been identified to exert a prevailing influence on ion conduction and cation selectivity [20] [21] [22] . The GLIC structure now suggests that the negatively charged side-chains directly interact with the partly desolvated permeant cations, rather than merely contributing to the overall negative electrostatics in the intracellular part of the pore. The analysis of the electrostatic potential of GLIC shows a pronounced energy minimum near the intracellular entry of the open channel that is decreased in the closed channel and that was previously observed in a functional study that investigated the binding of positive charged MTS (methanethiosulphonate) reagents to the nAChR (Fig. 2c ) 23, 24 . The comparison of the two high resolution structures of pLGICs gives structural insight into the mechanisms underlying pore opening. These mechanisms have been ambiguous so far, and have mainly been derived from electron microscopy images at low resolution 25 . Although previous studies have proposed that channel opening proceeds by a rotation of the pore-lining helices around their helix axis 6 , the results of our study suggest a different mechanism. Assuming that the structures of ELIC and GLIC depict the closed and open conformations of a pLGIC pore, opening occurs by a change in the tilt of the helices a2 and a3 that move as a rigid body around an axis that runs parallel to the membrane and that intersects with a residue in a3 about two-thirds across the transmembrane channel (Fig. 3c) . This mechanism is in accordance with previously recorded functional data [26] [27] [28] . Our study thus provides a first structural view at high resolution into how a pLGIC may open and selectively conduct ions.
METHODS SUMMARY
GLIC was expressed in Escherichia coli with its amino terminus fused to maltosebinding protein (MPB) that was preceded by a signal sequence (PelB). The protein was purified from isolated membranes in the detergents n-dodecyl-b-D-maltoside or n-tridecyl-b-D-maltoside. MPB was cleaved during purification by proteolytic digestion at a specific site located between MBP and the channel protein. Crystals were grown at pH 4.0 with addition of 9% PEG 4000, 225 mM (NH 4 ) 2 SO 4 and 0.5 mg ml 21 E. coli lipids. Data at 3.1 Å resolution were collected at the X06-SA beamline at the Swiss Light Source (SLS) of the Paul Scherrer Institute (PSI) on a Pilatus detector (Dectris) (Supplementary Table 1 ). The crystals were of space group C2 with one homo-pentameric channel in the asymmetric unit (Supplementary Fig. 2 ). The structure was determined by molecular replacement using as search model a modified structure of ELIC, with all side chains truncated and helix a2 and loop regions at the interface between the ligand-binding domain and the channel removed. Phases were improved and extended by cyclic fivefold NCS averaging. The final electron density was of very high quality and devoid of model bias (Supplementary Fig. 3 ). All subunits are structurally very similar and were refined maintaining strong constraints throughout (Supplementary Table 1 ). The final structure that encompasses residues 7-316 is well refined with good stereochemistry and with no outliers in disallowed regions of the Ramachandran plot.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Expression and purification. The gene encoding GLIC was cloned into a modified pET26b vector (Novagen) where it was fused to the carboxy terminus of MBP, generating a construct with the pelB signal sequence followed by a (His) 10 -tag, MBP, a Herpes simplex (HRV) 3C protease site (GE Healthcare) and the GLIC sequence. BL21(DE3) cells transformed with this construct were grown at 37 uC in TB medium containing 50 mg l 21 kanamycin to an A 600 of ,1.6-1.8. Expression was induced by addition of 0.2 mM IPTG overnight at 20 uC. All following steps were carried out at 4 uC. Cells were harvested and lysed with an Emulsiflex high pressure homogenizer (Avestin) in 50 mM potassium phosphate (pH 8.0), 150 mM NaCl (buffer A), with the addition of 1 mM phenylmethyl sulphonyl fluoride (PMSF), 20 mg ml 21 DNase I, 1 mg ml 21 lysozyme, 1 mg ml 21 pepstatin and 1 mg ml 21 leupeptin. The lysate was cleared by low-spin centrifugation. Membranes were isolated by ultracentrifugation and the proteins were extracted in buffer A containing 2% n-dodecyl-b-D-maltoside (DDM, Anatrace). After centrifugation, the protein was purified by affinity chromatography on a Ni-NTA column (Qiagen). The purified MBP-GLIC-fusion protein was digested with HRV 3C protease to cleave the His 10 -MBP protein and dialysed against 10 mM potassium phosphate (pH 8.0), 150 mM NaCl and either 0.5 mM DDM or 0.2 mM n-tridecyl-b-D-maltoside (TDM, buffer B). His 10 -MBP was subsequently removed from solution by binding to Ni-NTA resin. GLIC was concentrated and subjected to gel filtration on a Superdex 200 column (GE Healthcare) in buffer B. The protein peak corresponding to the GLIC pentamer was pooled and concentrated to 10 mg ml 21 , and used for crystallization. Crystallization. GLIC was crystallized in sitting drops at 4 uC. Crystals were obtained by mixing protein containing additional 0.5 mg ml 21 E. coli polar lipids (Avanti Polar Lipids) in a 1:1 ratio with reservoir solution containing 225 mM (NH 4 ) 2 SO 4 , 50 mM sodium acetate (pH 4.0), 9-12% PEG 4000. For the crystallization of the GLIC mutant E221A, the reservoir solution contained 500 mM (NH 4 ) 2 SO 4 , 50 mM sodium acetate (pH 4.0), 9-12% PEG 4000. For cryoprotection, the crystals were transferred into mother liquor containing 30% ethyleneglycol and flash-frozen in liquid propane. For soaking in 100 mM of Rb 1 and Zn 21 , crystals were incubated in mother liquor where NaCl was replaced by the respective chloride salt; for soaking in high (250 mM) concentration of Cs 1 ions, crystals were incubated in mother liquor where (NH 4 ) 2 SO 4 and NaCl were replaced by Cs 2 SO 4 . Structure determination. Data sets were collected on frozen crystals on the X06SA beamline at the Swiss Light Source (SLS) of the Paul Scherrer Institut (PSI) on a PILATUS detector (Dectris). The data were indexed, integrated and scaled with the programs XDS 29 , MOSFLM 30 and SCALA 31 and further processed with CCP4 programs 32 (Supplementary Tables 1 and 2 ). Initial phases were obtained by molecular replacement with PHASER 33 using a partial structure of ELIC as search model. All side chains of the ELIC pentamer were truncated to alanine and helix a-2 and the loop regions in the interface between the two domains were removed. Phases were improved and extended to 3.1 Å by fivefold NCS symmetry averaging in DM 34 . The model was built in O 35 and initially refined maintaining strict fivefold NCS constraints in CNS 36 and PHENIX 37 . In later stages, the strict constraints were loosened and restraint individual B-factors were refined. R and R free were monitored throughout. R free was calculated by selecting 5% of the reflection data in thin slices that were omitted in refinement. The final model has R/R free values of 23.8% and 26.6%, good geometry and no outliers in the Ramachandran plot (Supplementary Table 1 40, 41 on a 110 3 110 3 150 Å grid (1 Å grid spacing) followed by focusing on a 90 Å 3 90 Å 3 140 Å grid (0.5 Å grid spacing). Partial protein charges were derived from the Param19 extended hydrogen atom force field. Polar hydrogen positions were generated in CHARMM. The protein was assigned a dielectric constant of 2. Its transmembrane region was embedded in a 30-Å -thick slab (e 5 2) representing the membrane that contained a cylindrical hole around the water-filled pore region and was surrounded by an aqueous environment (e 5 80). Calculations were repeated with mobile ion concentrations of 0 and 150 mM of monovalent salt in the solvent region excluding the transmembrane channel. Electrophysiology. Constructs containing the gene of GLIC and the mutant E221A preceded by the signal sequence of the human a7-nAchR were cloned into the pTLN vector for expression in Xenopus laevis oocytes 42 . After linearization of the plasmid DNA by MluI, capped complementary RNA was transcribed with the Message Machine kit (Ambion) and purified with the RNeasy kit (Qiagen). For expression, 1-50 ng of RNA was injected into defolliculated oocytes. Two-electrode voltage-clamp measurements were performed 2-3 days after injection at 20 uC (OC-725B, Warner Instrument Corp.; Supplementary  Fig. 1 ). Currents were recorded in bath solutions containing 130 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 and 5 mM MgCl 2 . The respective pH values were stabilized by addition of 10 mM Hepes (pH 7.0) or 10 mM of sodium citrate (pH 4.0-5.5). For inhibition studies 5 mM of TBA was added. Low salt solutions contained 30 mM NaCl, 100 mM mannitol, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 and 10 mM sodium citrate at pH 4.0. Inside-out patch-clamp measurements were recorded 3 days after injection with an Axopatch 200B amplifier (Axon Instruments; Supplementary Fig. 1c ). Electrodes had a resistance of 1-3 MV. Bath solution contained 150 mM NaCl, 1 mM CaCl 2 and 5 mM MgCl 2 . The respective pH values were stabilized by addition of 10 mM Hepes (pH 7.0) or 10 mM of sodium citrate (pH 4.0, pH 5.0). The pipette solutions contained 150 mM NaCl, 1 mM EGTA and 5 mM MgCl and 10 mM sodium citrate pH 4.0.
